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We developed a Luria-Delbrück fluctuation test for influenza virus mutation rates that scores 1 4 1 reversion to fluorescence in a set of 12 mutant green fluorescent proteins (GFP). The 1 4 2 fluorescent chromophore of enhanced GFP contains three essential amino acids (T65, Y66, and 1 4 3 G67) (34), and nonsynonymous substitution at any of these positions results in a GFP with 1 4 4 either absent or altered fluorescent properties (35) (36) (37) . We used a plasmid that contains GFP 1 4 5 instead of hemagglutinin on influenza A virus segment 4 (ΔHA-GFP, (38)), to generate a set of 1 4 6 12 recombinant influenza A viruses that each express a mutant GFP protein ( Table 1) . Each of 1 4 7 these mutant GFP proteins has a single nucleotide mutation that, with reversion to fluorescence, 1 4 8 will interrogate a specific mutational class introduced by the viral RdRp during replication. These 1 4 9 viruses were replicated in cells stably expressing the HA protein in trans. Because our mutant GFP proteins are not fluorescent, we used anti-GFP antibody staining and 1 5 2 immunofluorescence microscopy to verify GFP expression from each of the 12 mutant Δ HA-1 5 3 GFP viruses. In virally infected cultures, we occasionally identified rare cells expressing GFP 1 5 4 that was fluorescent at the excitation and emission wavelengths consistent with reversion to The secondary structure of genomic RNA in positive sense viruses is known to influence 1 7 5 mutation rates in a site specific manner (39) (40) (41) (42) . In influenza virus, the formation of stable RNA 1 7 6 structures in the replication complex is limited by the binding activity of the viral nucleoprotein (2). We performed an in silico analysis of the Δ HA-GFP RNA to further exclude the possibility 1 7 8 that reversion of mutations could be influenced by local RNA structure ( Figure 2D ). A sliding 1 7 9 window analysis of the minimum free energy of RNA folding suggests that the introduced 1 8 0 mutations are located within a region of high minimum free energy in the Δ HA-GFP RNA (43, The mutation rates of the PR8 and Hong Kong 2014 viruses were higher than previously 2 1 8 reported for influenza A virus and generally biased toward transitions (6-8). In both viruses, 2 1 9 mutation rates were highest for the reciprocal transitions, A to G and U to C ( Figure 4 and Table   2 2 0 S2). The rates for the other two transitions (C to U and G to A) were approximately six fold lower 2 2 1 and similar to the rates of the more common transversion mutations. We note that this G to A 2 2 2 mutation rate is much lower than the rate estimated using the PrimerID-NSMT assay (see Figure 1 ). This discrepancy may reflect differences in mutational bias between the influenza 2 2 4
RdRp and retroviral reverse transcriptases. The overall rate and spectrum of mutations for the 2 2 5 PR8 and Hong Kong 2014 viruses are very similar, and given the base composition of each 2 2 6 virus, we estimate that each replicated 13.5 kb genome contains, on average, 2 to 3 mutations. The transition to transversion ratio is 2.7 in PR8 and 3.6 in Hong Kong 2014. We did identify differences between the two viruses in specific mutation classes. The rate of G 2 3 0 to A mutations was two-fold higher in Hong Kong 2014 than in PR8 (7.2 x 10 -5 vs. 3.1 x 10 -5 , p = 2 3 1 0.0018, multiple t-test with Holm-Sidak correction), and the Hong Kong 2014 virus also exhibited 2 3 2 a marginally increased rate of G to U mutations that was not statistically significant (6.0 x 10 -5 vs. 2 3 3 10 3.5 x 10 -5 , p = 0.083). For both viruses the rates of mutations away from A are symmetrical to 2 3 4 the reciprocal mutations away from U. Interestingly, mutations away from C were much less 2 3 5 common than the reciprocal mutations away from G. In PR8 G nucleotides are 3.8 times more 2 3 6 likely to mutate than C nucleotides. In the Hong Kong virus, this difference is 2.7 fold. Because reversion mutations can be introduced during either plus or minus strand RNA 2 3 9 synthesis, our fluctuation test estimates the mutation rate per strand copied. To determine 2 4 0 whether influenza virus replicates through a linear or a binary mechanism, we calculated the 2 4 1 total number of revertants per number of replicated viruses across our parallel cultures. This with reversions that occur early in a replication cycle will produce multiple viruses that express 2 4 4 fluorescent GFP. The ratio of the number of mutations per cell cycle and the number of 2 4 5 mutations per strand replicated mutation rates therefore approximates the number of strand 2 4 6 copying events that occur prior to viral release (3). In linear, or stamping machine replication, 2 4 7 there is only one cycle of strand copying per cellular infection cycle and the ratio is two. In 2 4 8 binary replication, multiple rounds of stand copying occur, leading to higher rations. Assuming a 2 4 9 single cellular replication cycle occurred during each experiment and using all 12 mutation 2 5 0 classes, we determined the average ratio to be 1.2 and 1.1 for the PR8 and Hong Kong strains, 2 5 1 respectively. These data suggest that influenza largely replicates through a linear mode. Biochemical studies of purified influenza virus RdRp suggest that replication temperature can from 32˚C and 37˚C across the respiratory tract of humans to 39˚C in febrile illness to 41˚C in 2 5 7 birds (47-50). We used the PR8 virus encoding mutant Δ HA-GFP representing the 5 most 2 5 8 frequent mutational classes to measure mutation rates at different temperatures. This virus 2 5 9 estimate the mutation rates for all 12 substitution classes. This assay can be easily adapted to Hong Kong 2014 (H3N2) viruses varied in their mutation rates for individual classes, the overall 2 7 2 mutation rate was consistent across these evolutionarily divergent influenza polymerases at a 2 7 3 range of temperatures. These mutation rates are considerably higher than previously reported, 2 7 4 and given the impact of mutational load, suggest that the virus is replicating at the maximally 2 7 5 tolerable mutation rates. Sequencing assays for viral mutation rates are plagued by ascertainment and sampling biases. The mutations that are detected in plaque-derived populations represent only the viable fraction and those identified in passaged supernatants are often heavily biased toward mutations with 2 8 0 less deleterious fitness effects. While Sanjuan and colleagues have appropriately adjusted for 2 8 1 typical viral mutational fitness effects in sequenced-based estimates of mutation rates (3), these 2 8 2 fitness effects may not be uniform across viruses or in the genes analyzed (27, 51). Next 2 8 3 generation sequencing can minimize these biases by improving the detection of rarer, more 12 generation sequencing suggest that reverse transcriptase error can be a significant confounder 2 8 6 that needs to be considered in studies of RNA viruses. In our experiments, the high background 2 8 7 RT error rate made it difficult to distinguish mutations introduced by the influenza polymerase 2 8 8 complex from those generated during reverse transcription of the viral genomic RNA. The 2 8 9 mutational bias of RT may also differ from that of viral RNA-dependent RNA polymerases. Guanine to adenine transitions are the most common mutation made by RT (28, 31-33) and are 2 9 1 the ones found most frequently in our dataset as well as many others that rely on RT-PCR 2 9 2 amplification for sequencing (e.g. (11, 12, 53, 54) ). In contrast, our fluctuation test suggests that 2 9 3 A to G and U to C mutations are the most common classes in influenza. Fluctuation tests are sensitive for rare mutational events and avoid many of the issues with 2 9 6 sequencing assays (18, (20) (21) (22) . Our reversion to fluorescence assay has several additional 2 9 7 advantages over ones that rely on phenotypic markers such as drug or antibody resistance (26). First, the marker was selectively neutral, as the mutant GFP and revertant wild type GFP 2 9 9 viruses had equal fitness. Second, we were able to measure all 12 mutational classes in a 3 0 0 format that allowed for sufficient replicates. Third, we were able to control the number of cellular 3 0 1 infection cycles by expressing the HA protein in trans (38). Fourth, we used an anti-GFP 3 0 2 antibody to measure the number of mutation targets directly. One shortcoming of all fluctuation 3 0 3 tests is that genomic mutation rates are extrapolated from data at one specific site. While RNA 3 0 4 structures are unlikely to play a major role in mutation rate variability in influenza virus (55), we 3 0 5 cannot exclude that sequence context could modulate mutation rates across the genome. We found that the mutation rates of the lab adapted PR8 H1N1 strain are similar to those of a 3 0 8 recently circulating H3N2 strain, and both sets of measurements are considerably higher than 3 0 9 those obtained in previous sequence-based studies. While these earlier works estimated rates 3 1 0 between 7.1x10 -6 and 4.5x10 -5 mutations per nucleotide per cell infection, our composite 3 1 1 mutation rates were 1.8 x 10 -4 and 2.5 x 10 -4 mutations per nucleotide per strand replicated for 3 1 2 PR8 (H1N1) and Hong Kong/2014 (H3N2), respectively (3, (6) (7) (8) . Consistent with the biases 3 1 3 detailed above, our measurements are closer to those obtained for specific classes obtained in 3 1 4 antibody-based fluctuation tests (4, 5). These very high mutation rates mean that each 3 1 5 replicated genome has, on average, 2-3 mutations. We have found that 28-31% of randomly 3 1 6 selected mutations in influenza virus are lethal (27). Using a 70% probability that a given 3 1 7 mutation results in a viable virus, the likelihood of any given genome being able to replicate is 3 1 8 only 34 to 49%. We suggest that mutational load accounts for a sizable portion of the 90-99% of 3 1 9 genomes in influenza populations that are non-infectious (e.g. (12, 13) ). This mutation rate 3 2 0 clearly places influenza close to a theoretical maximum rate, and we and others have shown 3 2 1 that small increases in the virus' mutation rate leads to considerable losses in genome infectivity 3 2 2 (11-13). The mode of replication for influenza virus is near linear as the ratios of mutation rates per cell suggests that (-) sense genomic RNA introduced during an infection is copied to (+) sense 3 2 7 replication intermediates just once before new (-) sense genomes are synthesized. The fact that 3 2 8 our observed ratios are less than 2 -the theoretical minimum for a single stranded RNA virus -14 replication intermediates in a system with a linear replication mode. This linear or "stamping 3 3 8 machine" replication mode, may actually assist the virus in tolerating its high mutation rate 3 3 9 because it allows fewer opportunities for mutations during each viral replication cycle (56-58). Cellular replication environments are often hypothesized to influence RNA virus mutation rates, 3 4 2 and yet these effects have rarely been documented (22, 33, 42, 59, 60) . Here, we found no higher than those of deoxynucleotides, and cellular pools are typically biased towards ATP and 3 4 7 GTP, which have other metabolic functions (61, 62). While it is tempting to speculate that pool 3 4 8 bias could lead to the observed asymmetry in mutations away from guanine, this is unlikely to 3 4 9 be the case in MDCK cells. The concentrations of all four NTP in MDCK cells are at least ten 3 5 0 fold higher the K m of the influenza polymerase for each (46, 62, 63) . We can't exclude that Combe and Sanjuan found that VSV mutation rates were similar across a range of primary and 3 5 3 immortalized cell lines that were cultured under a range of conditions (22) . It is also intriguing 3 5 4 that A to G and U to C were the most common mutations, as these classes are characteristic of 3 5 5 the host enzyme adenosine deaminase acting on RNA (ADAR) (64-66). As ADAR-editing 3 5 6 occurs almost exclusively on double stranded RNA, it is not clear that it would contribute to the 3 5 7 mutation rates measured on our presumably unstructured GFP messages. We expect that our data will lead to improved models of influenza evolution. For example, our predicted by the 12 mutation rates. This suggests either that selection is maintaining the virus' 3 6 5 nucleotide content away from the mutational equilibrium or that the virus has not had sufficient 3 6 6 time to achieve it. Finally, our measurements for the rate of each mutation class, coupled with 3 6 7 recent studies on mutational fitness effects in influenza will also greatly improve our ability to 3 6 8 construct more accurate phylogenies. HA were selected in growth media containing 5 μ g/mL Blasticidin S. These pools were enriched 3 9 2 for cells with high HA expression by staining with an anti-HA antibody (1:1000 dilution, Takara A pPOLI vector encoding eGFP with influenza genomic packaging sequences was kindly where mutant sequence corresponds to the sequences in Table 1 and rev comp mutant 4 0 7 sequence is the reverse complement of each. One hundred TCID 50 of each mutant Δ HA-GFP virus (in 100μL of media) were used to infect 1.2 5 0 7
x 10 4 MDCK-HA in a 96-well plate. At two hour intervals between 14 and 26 hours post infection, 5 0 8 supernatants from 4 wells were transferred to a black 96-well plate containing 1.5 x 10 4 MDCK 5 0 9 cells and 50μL of viral media. Virus equivalent to the initial inoculum was added to 4 wells so 5 1 0 that the virus present at 0 hours post infection could be determined. At 14 hours after 5 1 1 supernatant transfer, the cells were fixed, stained and imaged as described below. The minimum free energy of the Δ HA-GFP RNA was determined using the RNA sliding window (Worthington Biochemical 3740)). Depending on the mutation class, these infections were (depending on the mutation class, drug treatment, and assay temperature) supernatants were 5 2 9 transferred to black 96-well plates (Perkin Elmer 6005182) containing 1.5 x 10 4 MDCK target At 14 hours post-infection, cells were fixed with 2% formaldehyde for 20 minutes, rinsed with 5 3 6 phosphate buffered saline (PBS), and permeabilized with 0.1% triton-X-100 for 8 minutes. Cells were then rinsed again with PBS, incubated at room temperature for one hour in PBS with 2% 22 surface area was captured, Cellular nuclei and antibody stained cells were counted using 5 4 5
MetaXpress version 6 software (Molecular Dynamics). Cells expressing fluorescent GFP were 5 4 6 manually counted from the collected images. the mutation rate per strand replicated, P 0 is the proportion of cultures that do not contain a cell barcoded PrimerID primers and amplified by PCR for sequencing as described in the methods. for a particular mutation class divided by the number of sequenced sites that could mutate by 7 5 5 that same class. Shown is the ratio of total mutation frequency to nonsense mutation frequency cells infected with mutant Δ HA-GFP (shown are data for the A to C virus, see Table 1 ) and windows (80 base overlaps) were determined for the Δ HA-GFP construct. The location of the 7 7 7 three mutated sites (bases 280-288) are indicated by the dashed line. virus and class was calculated as described in the methods and text based on the initial and 
